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Abstract— An electrolarynx, a vibrator held against the neck
tissue, is used by laryngectomy patients to provide excitation to
the vocal tract as a substitute to that provided by the glottis.
The quality and intelligibility of electrolaryngeal speech is
generally poor because of the presence of background noise
caused by leakage of acoustic energy from the vibrator and
vibrator-tissue interface. This noise can be suppressed by
pitch-synchronous application of spectral subtraction. The
paper presents a real-time implementation of the spectral
subtraction for enhancement of electrolaryngeal speech, using
a 16-bit fixed-point DSP board. Electrolaryngeal speech is
continuously acquired at 12 kHz using codec and DMA into
the input buffers. It is processed using 256-point FFT, 3-frame
4-stage cascaded median-based dynamic estimation of noise,
spectral subtraction, and IFFT, using two-pitch period window
with 50 % overlap. The resynthesized speech is output using
DMA and codec.

Keywords- Electrolaryngeal speech; Electrolarynx; Spectral
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L INTRODUCTION

Electrolarynx, or the external electronic larynx, is used as a
verbal communication aid by laryngectomy patients. It is a
battery powered hand-held electronic vibrator. Fig. 1 shows
a schematic of speech production using this device. Pulses
from its diaphragm, held against the neck, get transmitted
through the neck tissue to the vocal tract. The spectrum of
the vibrations gets shaped by the time-varying resonances of
the vocal tract filter, resulting in electrolaryngeal speech. It
is generally corrupted by background noise due to leakage
of the energy from the vibrator itself and from the interface
between the vibrator diaphragm and the neck tissue. It also
suffers from low-frequency spectral deficiency due to
attenuation of lower harmonics during the transmission
through the neck tissue and monotonicity due to constant
pitch [1]-[3].

A model of background noise generation is shown in
Fig. 2. Speech signal s(f) and the noise through the leakage
path /(¢) are generated from the convolution of the excitation
e(t) with the impulse response of the vocal tract filter £,(f)
and that of the leakage path %/(f), respectively. Thus the
speech signal and leakage noise are highly correlated.
Shielding of the vibrator [4] and several speech
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Figure 1. Speech production using an electrolarynx [6].
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Figure 2. Background noise generation in electro-laryngeal speech [5].

processing techniques [4]-[10] have been used for reducing
the background noise. It has been shown in [5] that the
pitch-synchronous application of generalized spectral
subtraction [11], [12] can be used for suppressing the
background noise. In electrolaryngeal speech, identification
of non-speech segments using a voicing activity detector is
not feasible. Averaging of the spectra during an initial
interval of about 2 s with the speaker’s lips closed can be
used for estimating the leakage noise [5]. But this estimation
does not remain valid after a while because change in the
pressure and orientation of the device against the neck tissue
causes a variation in the spectrum of the leakage noise. For
dynamically estimating the noise spectrum, statistical
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techniques, like the quantile based noise estimation [13],
[14] and minimum statistics based noise estimation [15],
[16] can be used. In [17], it has been reported that noise
estimation based on the median results in a more consistent
speech enhancement than that based on the minimum
statistics, and that the naturalness of electrolaryngeal speech
can be improved by introducing a small amount of jitter
using LPC based analysis-synthesis.

The paper presents an implementation of spectral
subtraction using median-based dynamic estimation of
magnitude spectrum of the background noise, for real-time
enhancement of electrolaryngeal speech, using a 16-bit
fixed-point DSP board.

II.  SPECTRAL SUBTRACTION

A block diagram of the generalized spectral subtraction
is shown in Fig. 3. Windowed frames of the input signal are
used for computing the magnitude and the phase spectra.
The magnitude spectra of a set of past frames are used to
dynamically estimate the magnitude spectrum of the noise.
At time index n, input magnitude spectrum |X,(k)| and the
noise magnitude spectrum L,(k) are used to obtain the

enhanced magnitude spectrum |Y,(k)| by the generalized
spectral subtraction

En(k)= 1Xa(B)] — aLn(k)Y (1)
On(k)= B [Ln(k)] )

Y0 = [En(] "7, if (k) > 6,(0)
(6,017, otherwise 3)

The resultant magnitude spectrum is combined with the
original phase spectrum, and IFFT and overlap-add are used
to resynthesize the speech signal. The time-domain signals
obtained by IFFT after spectral subtraction generally have
discontinuities at frame boundaries. Overlap-add with 50%
overlap of analysis windows is used for masking the
perceived distortions due to these discontinuities in the
resynthesized signal.

The exponent y = 2 results in power subtraction and y =
1 results in magnitude subtraction. The over-subtraction
factor o is used to limit the effect of short-term variations in
noise. Over-subtraction may result in negative values of the
spectral samples causing ‘musical noise’, adversely
affecting the quality of the output speech. This can be
masked by selecting the floor factor p.

It has been shown [5] that use of vy = 1, i.e. magnitude
subtraction, gives the best results for enhancement of
electrolaryngeal speech. Optimal values of a and f depend
on the method used for noise estimation.

Quantile based noise estimation [6] uses the initial
averaging based estimate from an initial silence interval to
select the frequency dependent quantiles which are
subsequently used to track the noise over a certain number
of past frames. This method requires a large number of
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Figure 3. Block diagram of generalized spectral subtraction [17].

Power-amp '—» I:[]

Figure 4. Block diagram of the real-time speech enhancement system.

Proc. chip
anc | | bac

[ =N —>| Pre-amp.

sorting operations and associated memory and hence it is
not suitable for real-time processing using DSP boards. In
minimum statistics based noise estimation, the minimum
values of the spectral samples over a certain number of past
frames are used as the noise estimate [9], [10]. It has a much
lower computational and memory requirement. However, in
the absence of frequent pauses in speech, speech segments
also contribute to the noise estimation and use of a fixed
over-subtraction factor results in speech distortion. Median
based noise estimation requires relatively more
computation, but it estimates the noise dynamically without
requiring an initial silence or frequent pauses in speech [17],
[18]. For conversational style sentences, the median based
dynamic estimation of noise was found to be satisfactory for
the number of past frames corresponding to approximately
1.2 s (corresponding to 120 frames for 100 Hz pitch and 2-
pitch period windows with 50 % overlap).

III. REAL-TIME IMPLEMENTATION

Figure 4 shows the system for implementing real-time
enhancement of electrolaryngeal speech. It uses DSP board
“eZdsp” with 16-bit fixed-point processor TMS320C5515
(from Texas Instruments) [19], with on-board stereo codec
[20]. The processor has a program memory space of 16 MB
and a maximum clock rate of 120 MHz with several options
of internal and external clock sources with dynamic
switching. Other important on-chip features include 320 KB
RAM (including 64 KB dual access RAM), 128 KB ROM,
four 4-channel DMA controllers, three 32-bit timers, and
FFT hardware accelerator supporting 8 — 1024 point real
and complex-valued FFT. The board has TLV320AIC3204
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Figure 6. Block diagram of 3-frame m-stage cascaded median of 3" input frames.

codec with stereo ADC and DAC supporting sampling rate
of 8 — 192 kHz. In our implementation, the processor clock
is set to 100 MHz and one ADC and one DAC are used at a
sampling rate of 12 kHz. Program was written in C, loaded
into the program memory of the board, and debugged using
the development environment T1 ‘CCStudio’ ver. 4.0.

A block diagram of the implementation is shown in
Fig. 5. The input samples are cyclically acquired into two
input buffers using DMA for block processing. As one of
these buffers gets filled, DMA interrupt occurs and its
values are copied to the processing buffer. The frames of the
resynthesized speech are alternately placed in two output
buffers and DMA is used to cyclically output the samples.

Analysis is carried out using a window length of two
pitch periods. Each sample is stored as two pitch periods. As
the pitch period of the electrolaryngeal speech remains
constant, pitch-synchronous analysis is realized by setting
the length M of each of the two input buffers equal to one
pitch period. Implementation uses 256-point FFT,
permitting pitch down to approximately 90 Hz. An array of
256 words (initialized to zero values) serves as the
processing buffer. It is treated as three sub-arrays, first and
second of M words each and the third one of 256-2M
words. After filling of either of the DMA input buffers, the
values in the second sub-array are copied to the first sub-
array, and the values in the input buffer are copied to the
second sub-array. Thus the analysis window has 2 M
samples with 50 % overlap, and these samples get
automatically padded with zero-valued samples forming a

256-sample buffer for FFT computation. After FFT, the
complex spectral samples are used to calculate the
magnitude.

The processing speed and memory constraints of the
processor do not permit implementation of 1.2 s running
median for noise estimation. To reduce the sorting
operations and memory requirement, an n-frame m-stage
cascaded median, requiring nm arrays for storing the spectra
and giving a result based on n" frames, was investigated.
Figure 6 shows the block diagram for 3-frame m-stage
cascaded median approach. Each stage has two-dimensional
integer arrays of size 3 x 128. Arrays in the first stage store
the magnitude values of the FFTs of the three immediate
past frames. After every three frames, an ensemble median
is calculated and stored in the array of the next stage.
Similar process is applied on each stage till the last stage. In
order to limit the maximum computation time taken in each
frame, at the most only one median is calculated every
frame, giving priority to the higher stages. Therefore the
calculation of the medians in a given stage may be missed at
certain frames, but this is not likely to affect the estimated
noise. It was found that use of 3-frame 4-stage cascaded
median results in satisfactory noise estimation.

Earlier investigation [18] wusing Matlab based
implementation showed that for y = 1, use of a = 1.625 and
s 0 resulted in good noise reduction without any
appreciable musical noise. Hence these values were selected
for real-time implementation. The resulting magnitude is
combined with the original phase, without explicit phase
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calculation, to get the complex spectral value as follows

[Yn(k)]real = |Yn(k)| [Xn(k)]real / |X1(k)| (4)
[Ya(k))imag = 1Yu(K)| [Xa(K)imag / 1 Xn(K)] (%)

Applying overlap-add on IFFT of the resulting complex
spectrum gives the output samples. The results are copied
alternately to the two output buffers, each of length M
samples, for writing to the DAC using DMA.

IV. RESULTS

Figure 7 shows an example of input electrolaryngeal
speech and the real-time processed output, as acquired at the
input and output of the DSP board. Quality of the processed
output from the real-time implementation was found to
match that of the Matlab based offline implementation of
the spectral subtraction with cascaded median based noise
estimation [17], [18]. Processing was effective in
suppressing the leakage noise without introducing any
significant distortion.

V. CONCLUSION

Spectral subtraction algorithm for enhancement of
electrolaryngeal speech has been implemented for real-time
operation using a fixed-point DSP board. A 3-frame 4-stage
cascaded median is used for dynamic estimation of the noise
spectrum. The results have been validated with respect to
offline implementation. Use of a faster processor may help
in implementing LPC based analysis-synthesis to introduce
jitter for increasing the naturalness of the output speech.
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